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Heterogeneous Au/TiO2 model catalysts have been extensively studied due to their remarkable catalytic activity toward the water-gas shift reaction, [1] [2] [3] [4] production of H2 from alcohols, [5] [6] [7] [8] oxidation of CO to CO2, 4,9-11 and several other applications 1 . It has been proposed that the interface between Au nanoparticles and TiO2 is the catalytically active site of Au/TiO2 heterogeneous catalysts for the conversion of small alcohols to their respective carbonyls and alkenes, water-gas shift reaction, and H2 dissociation. 4, 9, 10, 12, 13 In order to determine the role of distinct Au, TiO2, and Au/TiO2 interfacial sites in Au/TiO2 heterogeneous catalysts, inverse model catalysts have become a material of interest. Using inverse model catalysts in which TiO2
nanoparticles are deposited onto a Au(111) substrate allows for the use of surface science techniques to investigate the role of distinct surface sites on the overall reactivity of the TiO2/Au(111) catalyst.
Ethanol is the simplest molecule containing C-H, C-O, C-C, and O-H bonds,
which makes it an excellent probe molecule to elucidate active sites on TiO2/Au(111) inverse model catalyst surfaces. Additionally, ethanol is particularly interesting to the catalytic community, as it is used as an alternative fuel and chemical feedstock for important industrial reactions like the production of H2 and acetic acid. 14 Ethanol has been utilized to probe the catalytic activity of several Au/TiO2-based surfaces including: O/Au(111), 15, 16 TiO2(110), [17] [18] [19] [20] and Au/TiO2(110) 1 . It is well understood that ethanol undergoes molecular adsorption on clean Au(111) and dissociative adsorption on O/Au(111) and bulk TiO2(110) to form ethoxy and hydroxyl adsorbates. [15] [16] [17] [18] [19] [20] The reaction of ethanol on bulk rutile-TiO2(110) single crystals showed that both acetaldehyde and ethylene were produced at ~620 K. 20 The formation of a carbonyl group versus an alkene was dependent on the number of defects in the crystal surface, as an increased concentration of oxygen vacancies promoted the formation of ethylene. 20 demonstrated that a sputtered Au(111) surface enhanced the adsorption of CO by exposing more undercoordinated Au step edges and kink sites. [23] [24] [25] [26] [27] [28] CO had stronger binding energies to undercoordinated Au sites, which resulted in a higher Tdes. 27 In order to investigate the desorption XII of ethanol from undercoordinated Au sites, the clean Au(111) surface was sputtered by bombarding the surface with 1 keV Ar + ions at 300 K. The morphology of a sputtered Au (111) single crystal was imaged using ex situ AFM, which showed the presence of large pits with roughened step edges ( Figure S1 ). The sputtered surface results in an ethanol TPD spectrum with noticeable differences from the clean Au(111) surface ( Figure 2 ). Upon sputtering the surface, the desorption feature at Tdes=185 K grows in intensity, whereas the desorption feature at Tdes=172 K decreases in intensity. Consequently, the peak at Tdes=185 K is assigned to the desorption of ethanol from undercoordinated Au sites. Annealing Au(111) to 400 K and above decreases the number of undercoordinated Au sites by smoothing the sputtered surface. 27, 29 After annealing the sputtered Au(111) surface to 400 K, the desorption feature at Tdes=172 K increases in intensity, while the desorption feature for undercoordinated Au sites (Tdes=185 K) decreases, indicating that the 400 K anneal results in a smoother Au(111) surface. While sputtering the surface results in an increased number of undercoordinated sites of both step edges and kink sites, 23,25-28 the peak at 185 K is assigned to Au step edges, as the concentration of step edges is expected to be much greater than that of kink sites. The adsorption energies of ethanol on Au(111) terrace sites and Au step edges can be calculated using the Redhead approximation for first-order desorption where  is the heating rate of 1.05 ± 0.07 K/s and  is the pre-exponential factor. A preexponential factor of 10 15 was used to calculate adsorption energies of -0.54 eV (-51.7 kJ/mol) and -0.58 eV (-55.8 kJ/mol) for ethanol adsorbed to terrace Au(111) sites and Au step edges,
VII
XIII
XIV respectively. The calculated adsorption energy on Au(111) terraces of -0.54 eV is in agreement with previous DFT studies, which resulted in an adsorption energy of -0.536 eV. 30 The same DFT calculations, which included a van der Waals correction, predict that ethanol adsorbs to the Au(111) surface with the C-C bond parallel to the surface. 30 To further investigate the desorption of ethanol from Au(111), TPD studies of ethanol coverages above 1.0 ML were performed on clean Au(111) ( Figure 3 ). As the coverage of ethanol increases, the Au terrace peak (Tdes=172 K) increases in intensity and saturates at 1.0 ML of ethanol. It is important to note that the peak previously observed for step edges (185 K) is now obscured by the terrace desorption peak. Additionally, upon increasing the ethanol coverage above 1.0 ML, low-temperature peaks corresponding to multilayered ethanol appear (Tdes < 155 K). The desorption feature corresponding to multilayered ethanol increases to a maximum desorption temperature of Tdes=150 K, until a low-temperature shoulder appears at Tdes=145 K above 1.8 ML. The desorption of multilayered ethanol at Tdes=150 K and ethanol from Au(111) terraces at Tdes=172 K is consistent with previous reports. 15 The desorption peaks at Tdes=150 and Tdes=145 K are assigned as multilayers of ethanol. Previous work with methanol exhibited more than one multilayer peak on Au(111), 31 Ag(111), 32 and Pt(111), 33 which were labeled as amorphous and crystalline phases due to the early work of Ehlers using UV photoemission and IR reflection to differentiate between multilayer structures. 33 However, ethanol multilayer studies on highly oriented pyrolytic graphite (HOPG) resulted in two desorption peaks (Tdes=145 K and Tdes=142 K), labeled as a bilayer and multilayer of ethanol, respectively. 34 We cannot rule out one assignment over another in this case to differentiate the peaks; therefore, we label desorption peaks below Tdes=155 K as multilayers of ethanol. In addition to desorption peaks for multilayers of ethanol and ethanol adsorbed to Au(111) terraces, a small peak at Tdes=215 K appears with coverages of ethanol above 1 ML, as seen in Figures 3 and 4 . The adsorption energy for ethanol desorbing at 215 K, calculated using the Redhead approximation described above, is -0.67 eV (-65.1 kJ/mol). The difference in adsorption energy between Au step edges and the higher temperature desorption peak (Tdes=215 K) is -9.3 kJ/mol (-0.096 eV), which is in excellent agreement with the calculated difference in adsorption energy between step edges and kink sites on Au(111) for CO. 27 Therefore, the It is expected that undercoordinated Au sites, including step edges and kinks, would act as preferential binding sites due to their increased adsorption energy and desorption temperature compared to terrace Au sites. Interestingly, Figures 3 and 4 show an opposite trend for the population of kink sites (Tdes=215 K) and terrace sites (Tdes=172 K) as the coverage of ethanol sequentially increases. At an ethanol coverage of 1.0 ML, the only observed desorption peak is and shifts to lower temperatures while the kink site desorption peak appears (Tdes=215 K) and continually increases (Figure 4 ). We hypothesize that the shift to lower temperatures of the 172 K desorption peak arises from the depletion of step edge desorption sites (Tdes=185 K) to form kink desorption sites. These results indicate that the presence of high coverages of ethanol roughen Au(111) step edges below room temperature, increasing the concentration of undercoordinated kink sites (Tdes=215 K). In a separate set of experiments, the coverage of ethanol was increased to >1 ML to produce the kink site desorption feature. Subsequently, a 1 ML ethanol dose was exposed to the surface, and the kink site desorption peak was not observed, indicating that the higher coverages of ethanol lead to the roughening of Au(111) step edges.
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While future studies will be required to understand the mechanism behind the formation of kinks, it is speculated that the interaction between ethanol molecules and surface Au atoms will decrease the Au-Au bond energy, which would thereby decrease the barrier for Au diffusion.
While we do not suspect the interaction between ethanol and Au is strong enough to lift the herringbone reconstruction, it is plausible that Au step edge atoms, which exhibit mobility at room temperature on clean Au(111), will have an enhanced mobility in the presence of ethanol, resulting in the rearrangement of step edge atoms to form kinks. Furthermore, the high coverage of ethanol required to visualize the kink site desorption feature indicates that intermolecular repulsion of ethanol molecules may also play a role in the destabilization of Au-Au bonds. It was previously reported that intermolecular repulsion influenced the molecular packing of methanol on Au(111) even at submonolayer coverages. 35 The rearrangement and restructuring of Au surface atoms has been observed at low pressures and temperatures after exposing small molecules to Au(111). [36] [37] [38] It is expected that XVIII ethanol roughens the surface of reducible oxides. However, the oxide is reduced by ethanol via a reaction with the lattice oxygen and acidic hydrogens from ethanol to form hydroxyl groups, which recombine to form water and leave oxygen vacancies in the surface. [39] [40] [41] The TPD spectra in Figures 3 and 4 therefore demonstrate the first reported roughening of the Au(111) step edges by ethanol at low temperatures. Future imaging studies will allow us to investigate the morphology of the Au(111) before, during, and after the desorption of ethanol, to investigate the reversibility of the kink formation. Additionally, imaging studies will be conducted to visualize the change in surface morphology due to ethanol adsorption at high coverages, as well as to identify a mechanism for atomic rearrangement at the step edges.
The elucidation of ethanol adsorption and desorption from distinct Au (111) Figures 5B and 5C show TiO2 nanoparticles well-dispersed across the Au terrace and step edges.
Analysis of the XPS data and the Au 4f peak attenuation confirmed a TiO2 coverage of ~0.6 ML on the Au(111) surface. The average diameter of the TiO2 nanoparticles is 10.1 ± 2.2 nm, and a particle distribution histogram is shown in Figure S3 . Figure 3 ) and bulk TiO2(110) at 300-400 K. [17] [18] [19] [20] 47 The intermediate Tdes of ethanol from the TiO2/Au(111) surface indicates that both Au and TiO2 sites may contribute to the adsorption of ethanol. As the size of TiO2 decreases from bulk to nanoparticles, the number of undercoordinated atoms increases as the surface area increases, and it is expected that the desorption temperature at the undercoordinated atoms of TiO2 would be higher than that of bulk TiO2. Instead, in Figure 6 , the desorption temperature related to TiO2 sites is lower than that of bulk TiO2, indicating that the ethanol adsorbs to XXII interfacial sites between the TiO2 and Au. Previous work with ethanol/CeOx/Au(111) proposed that the oxide/metal interface played a strong role in the catalytic activity of the material toward ethanol using XPS. 41 The intermediate Tdes of ethanol from TiO2/Au(111) suggests that the interface between the TiO2 nanoparticles and the Au(111) substrate plays a role in the conversion of ethanol to ethoxy.
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The TPD spectra of higher coverages of ethanol on TiO2/Au(111) indicate that the presence of TiO2 increases the total adsorption of ethanol ( Figure 7 ). Ethanol desorption from clean Au(111) has a sharp desorption peak in the TPD spectrum that occurs at Tdes=172 K.
Interestingly, the presence of TiO2 nanoparticles results in a broad higher temperature peak centered around Tdes= ~190 K with a long high temperature tail. We hypothesize that the increase in total adsorbed ethanol which is demonstrated by increased area and broadening of the desorption peak, could be the result of several factors: (1) The presence of TiO2 could increase the total number of adsorption sites on the surface. Figure S4 shows the peak fitting for the ethanol/TiO2/Au(111) spectrum in Figure 7 . The peak fitting suggests that the low-temperature desorption features occur at temperatures that correspond well with our assignments for ethanol adsorbed on terrace Au (Tdes= 175 K), step edges (Tdes= 195 K), kink sites (Tdes= 217 K), and a new peak (Tdes = 265 K) corresponding to TiO2 ( Figure S4) . (2) The presence of TiO2 nanoparticles potentially disrupts the ordered packing of ethanol on the exposed Au (111) surface. Previous work with methanol on Au(111) showed that H-bonding significantly XXIII influenced the packing structure of methanol on the surface. 35 The presence of TiO2 nanoparticles on the surface causes the dissociative adsorption of ethanol, which could disrupt Hbonding between ethanol molecules on the surface and allow for the enhanced total adsorption of ethanol by tightly packing ethanol on the surface. Furthermore, the stronger adsorption energy between TiO2 and ethanol could influence the density of the molecules on the nanoparticles, as compared to on the Au surface, where the H-bonded networks 35 will dominate the packing density. 
